We examined whether induction of the phenobarbital (PB)inducible form of cytochrome P450 (P450IIB) in rat hepatocytes could be analyzed quantitatively by immunogold electron microscopy. Rats received intraperitoneal injections of PB every 24 hr and livers at the various stages of PB induction were fted by perfusion with a mixture of paraformaldehyde (4%) and glutaraldehyde (0.1%) and embedded in LR White. Ultra-thin sections were cut and labeled by the protein A-gold procedure using affinity-purified anti-P45OIIB antibody which was previously immunoabsorbed with liver microsomes from a control rat (not treated with PB). We counted the number of gold particles per pm of the rough ER membranes (particle density). Before PB treatment, the particle density of the rough ER in rat hepatocytes was prac-
Introduction
We have previously reported, using ferritin immunoelectron microscopy, that microsomal cytochrome P450 (P450) exists abundantly and exclusively on the cytoplasmic surfaces of the rough and smooth endoplasmic reticulum (ER) membranes and of the outer nuclear envelopes in hepatocytes, and that it is markedly induced by phenobarbital (PB) treatment (20) (21) (22) . Furthermore, we quantitatively analyzed the distribution of the PB-inducible form of P450 (P45OIIB) in rat microsomes using ferritin hmunoelectron microscopy and attempted to correlate the number of ferritin particles with the total amount of P450, which was determined spectrophotometrically (20) .
It has been now well established that the liver contains a number of different molecular forms of cytochrome P450, with differing but overlapping substrate specificities. It is quite apparent that the number of marker particles (either ferritin or colloidal gold particles) should correlate not with the total amount of P450 but with the amount of a specific molecular form of P450. ical University, Moriguchi-shi, Osaka 570, Japan. tically zero and increased markedly at 48 and 72 hr after PB treatment. The rough microsomes were prepared ftom these PB-treated rat livers. The amount of P450IIB was estimated by immunoblot analysis and the number of gold particles bound to the rough microsomal membrane was determined by the same post-embedding immunogold procedure. The particle density of the rough microsomes increased in parallel with the increase in the amount of P450IIB, indicating good correlation of the two variables. Thus, the induction of cytochrome P450IIB can be quantitatively and reliably investigated by immunogold electron microscopy. More than 10 forms of P450 have been isolated from rat livers and have been grouped into several families on the basis of their spectral and catalytic properties and their sequence and immunochemical relatedness (1, 10, 24, 30, 35) . Vlasuk et al. (34) identified four distinct forms of P450IIB in rat liver microsomes, including P45OIIB1 (P45Ob) and P450IIB2 (P45Oe), which are indistinguishable by polyclonal anti-P450IIB (28, 34) but are distinguishable by special monoclonal antibodies (26) . According to molecular cloning technology and protein chemistry, the primary structures of these two hemoproteins are very similar, with only 14 amino acid replacements in a limited portion of the molecules, which consist of 491 amino acids (7, 29) .
P450IIB is markedly induced in rat liver by PB treatment (6, 11, 36, 37) , and when maximally induced it is certainly the major membrane protein of the ER. Utilizing these facts, we examined whether the induction of P450IIB can be analyzed quantitatively by immunogold electron microscopy using a polyclonal antibody against P45OIIB. In aldehyde-fixed, resin-embedded liver thin sections the profiles of smooth ER membranes are usually not clearly visible, whereas those of rough ER membranes can be traced by the presence of ribosomes. Therefore, the rough ER membranes were exclusively analyzed in the present study. This work was presented in part at the 42nd Annual Meeting of the Japan Society for Cell Biology (8) . hyde in 0.1 M potassium phosphate buffer, pH 7.4, and dehydrated with ethanol. Embedding in LR White (12) was modified and carried out in the presence of 0.5% benzoin methyl ether at -20'C using uv polymerize[ (mv 11; Dosaka ER, K~~~~, J~~~~) . ~l~~~-~h i~ sections were on a Porter Blum MT-2 microtome with a diamond knife and picked up On collodion-carbon~coated For quantitative analyses, it is important to carry out the immunocytochemical reaction at a saturation level of antibody. The grids loaded with
Materials and Methods
Materials. PB was Purchased from Sank0 SeiYaku KOgYO CO (TokYo,Japan). All other chemicals were of the highest purity commercially available.
PB Treatment of Rats. Male Sprague-Dawley rats ( 5 weeks old) were fed ad libitum on laboratory chow and were given an intraperitoneal injection of PB (80 mglkg body weight) once a day for 3 days. Livers were removed 0. 8. 24. 48. or 72 hr after the first iniection of PB.
grids (200 mesh).
Preparation of Antibodies Against P450IIB. P450IIB was purified from liver microsomes of PB-treated rats as described by Masaki et al. (18) . Antisera against P450IIB were elicited in rabbits, and the IgG fraction of the antisera was purified by repeated ammonium sulfate fractionation, followed by DEAE-cellulose column chromatography. The specific antibody was purified by affinity chromatography using Sepharose 4B conjugated with purified P450IIB. Subsequent immunoblot analyses revealed that P4SOIIB, and a band at 50 KD (50 KD component), were recognized as reported by Yamazoe et al. (37) .
To remove components in the anti-P45OIIB IgG fraction that crossreact with P450 other than P45OIIB1 and P450IIB2, the IgG fraction was immunoabsorbed to formaldehyde-fixed liver microsomes which were prepared from control rats (5 weeks of age) by differential centrifugation. The anti-P450IIB IgG fraction was first immunoabsorbed to the formaldehyde-fixed microsomes; then the unabsorbed fraction was further affinity-purified as described above. The immunoabsorbed, affinity-purified antibody recognized only P450IIB. These two antibodies were used and the binding properties were compared.
Preparation and Quantitative Immunoblot Analysis of Rat Liver Microsomes. Rough and smooth microsomes were prepared by discontinuous sucrose density gradient centrifugation as described previously (21) . Briefly, rats were decapitated and the livers were rapidly removed and homogenized The solutions containing the smooth and rough microsomes were diluted with 2 vol of TKM and were centrifuged at 105,000 x g in an RP 40 rotor for 30 min, and both pellets were re-suspended in 0.25 M sucrose in TKM.
The smooth and rough microsomes were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) according to the procedure of Laemmli (15) using 8.5% gel. Immunoblotting with horseradish peroxidase was done according to Burnette ( 5 ) , using Millipore GVHP sheets (Nihon Millipore Kogyo; Yonezawa, Japan). The concentrations of affinitypurified anti-P45OIIB antibodies were 20 pglml. For quantitative assay, the sheets were photographed and positive films were scanned by a densitometer DMU-33C (Advantec; Tokyo, Japan). A standard curve based on purified P450IIB run in the adjacent lanes was found to be linear up to 200 ng of each antigen.
Immunogold Localization of P450IIB in Rat Hepatocytes Embedded in LR White. Tissue specimens were prepared as described by Lucocq et al. (16) . Rats were anesthetized with ether and perfused through the portal vein for 10 min with Hanks' solution, for 10 min with 4% formaldehyde containing 0.1% glutaraldehyde in Hanks' solution, pH 7.4, for fixation, then for 2 min with PBS (pH 7.4) containing 50 mM NH4CI for washing. The fixed liver was cut into small pieces ("1 mm3), which were washed three times with PBS for 10 min each, post-fixed with 2% paraformalde-ultra-thin sections with approximately a constant total surface area were floated on a drop of 0.1% skim milk and 1% bovine serum albumin (BSA) in PBS for 10 min, then transferred to droplets (20 pl) of antibody (200 pg/ml) or of control IgG from non-immunized rabbit (200 pglml) dissolved in 0.5% BSA in PBS, and were kept for 30 min at room temperature. After washing with 0.5% BSA in PBS, the grids were incubated with protein A-gold [8-nm gold particles, optical density at 525 nm (OD523 = 0.08)] dissolved in 0.5% BSA in PBS for 10 min at room temperature, washed with 0.1 M sodium cacodylate buffer, then transferred to droplets of 5 % glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.4. After washing with distilled water, ultra-thin sections were stained with uranyl acetate for 10 min and with lead citrate for 1 min, then observed under a Hitachi Hu-12 or H-7000 electron microscope.
Usually photographs were taken randomly from each section at a magnification of x 17,000 and enlarged to a final magnification of x 42,500. The number of gold particles on the cross-sectional profiles of rough ER membrane or within 13 nm from the center of the membrane was counted, and the length of the membrane was measured by a Mutoh digitizer model G-2 (Muto Industrial; Tokyo, Japan). Particle density, or number of gold particles per pm of membrane. was determined, and specific particle density was calculated by subtracting the particle density of the ultra-thin sections incubated with non-immune IgG from that incubated with anti-P450IIB antibody.
For light microscopic immunocytochemistry, semi-thin sections were cut and processed in the same way as the ultra-thin sections. After staining by the protein A-gold procedure, the gold particles were silver-enhanced (14) using Intense M (Amersham; Poole, UK). The sections were observed under a brightfield microscope.
Immunogold Localization of P450IIB in Rat Hepatocytes in Frozen Ultrathin Sections. Frozen ultramicrotomy was performed according to Tokuyasu (32) . Rats were fixed by perfusion with 4% paraformaldehyde containing 0.1% glutaraldehyde. The liver was incubated overnight in 2.3 M sucrose in 0.1 M sodium phosphate buffer (pH 7.4) containing 20% polyvinyl pyrrolidone (31), cut into small pieces, and rapidly frozen in liquid propane at -180°C. Frozen ultra-thin sections were cut with a Reichert Ultracut-N with a cryoattachment (FC-4D) at -115°C (70 nm in approximate thickness). The sections were picked up on formvar-carbon-coated nickel grids and were incubated with 2% gelatin in PBS containing 10 mM glycine, then reacted for 15 min with antibody (20 pglml), washed six times with gelatin solution, then for 15 min with protein A-gold complex (8 nm in diameter; OD521nm = 0.08). As a control, the same concentration of IgG prepared from non-immunized rat serum was used. After washing with sodium cacodylate buffer (pH 7.4), sections were post-fixed with 2% glutaraldehyde, then with 1% OsO4, stained with uranyl acetate, embedded in LR White resin (31) , and observed under a Hitachi HU-12 or H-7000 electron microscope.
Immunogold Localization of P450IIB in Rough Microsomes Embedded in LR White. The rough microsomes that were prepared as described above were fixed, embedded, and the ultra-thin sections were labeled with gold particles as described above for rat hepatocytes. The particle density of the rough microsomes was determined and compared with the amount of P450IIB in the same fraction, which was determined immunochemically by immunoblot analysis.
Results

Immunoblot Analysis
The immunochemical specificity of the two kinds of affinity-purified anti-P45OIIB antibodies was tested by immunoblot analyses of the smooth microsomes from PB-treated and untreated rat livers.
When non-absorbed antibody was used to analyze the smooth microsomes from untreated 5-week-old rats, two bands were detected at the position of 53 and 50 KD, corresponding to P450IIB and the 50 KD component, respectively (Figure 1, Lane 3) . When microsomes were prepared from older rats (7-8 weeks), another band at 56 KD was also detected (data not shown). We therefore used 5-week-old rats. In the microsomes from PB-treated rats, a marked increase in the 53 KD band, with no increase in the 50 KD component, was observed (Lane 4).
When immunoabsorbed anti-P45OIIB antibody (immunoabsorbed antibody) was used for immunoblotting, a single 53 KD band was detected in the microsomes from PB-treated livers (Figure 1,  Lane 2) . whereas no band was detected in those from untreated livers (Lane 1). The 50 KD band was detectable in neither the PB- treated nor the untreated rat liver, as shown in Figure 1 (Lane 2 and Lane 1, respectively). It is important to emphasize here that when immunoabsorbed antibody was used immunoblot analysis detected on/y the 53 KD band, which corresponds to P450IIB.
In the following experiment these two (immunoabsorbed and non-absorbed) antibodies were used, and the results obtained were compared.
Light Microscopic Localization of P4SOIIB in Rat Liver
It is well known that P45OIIB is induced in rat liver predominantly in hepatocytes located in Zone 3 surrounding terminal hepatic venules and in Zone 2 (intermediate hepatocytes between Zone 3 and Zone 1, which surrounds terminal portal venules) (3,27.33).
When incubation with immunoabsorbed antibody was performed, the acinar organization was barely visible in the untreated rat liver and in the PB-treated liver even 8 hr after treatment (Figures  2A and 2B) . However, the immunoreactivity became clearly visible 24 hr after PB treatment, especially in Zones 2 and 3 ( Figure  2C ), and the acinar organization became more apparent after 48 and 72 hr (Figures 2 D and 2E) , respectively. Figure 2F is a highermagnification view of a part of Figure 2E . It is evident that hepatocytes are stained densely, except for the nuclear region. In the following immuno-electron microscopic analyses, hepatocytes in Zone 2 and 3 were exclusively observed.
When incubation with non-absorbed antibody was performed, the acinar organization was slightly visible even before PB treatment. After 48-hr treatment with PB. however, no marked difference in the staining patterns of the hepatocytes stained with the absorbed and non-absorbed antibodies was observed in the light micrographs (data not shown). Figure 3 shows cryo-immunogold localization of P45OIIB in the hepatocytes from a PB-treated rat (72 hr). Large amounts of gold particles were found on the rough and smooth ER and on nuclear envelopes. They were barely detectable on the nuclear matrix, mitochondria, peroxisomes, lysosomes, and Golgi apparatus, and the labeling densities on these organelles were at a control level. This distribution pattern of P450IIB is consistent with previous reports from our laboratory (21-23).
Immunogold Localization of P4SOIIB on Cryo-ultra-thin Sections
Immunogold Localization of P4SOIIB on LR White Sections and Quantitative Analyses
We analyzed the distribution and induction of P4SOIIB on the rough ER of rat hepatocytes using the protein A-gold technique. For this purpose, rat livers were embedded in LR White and the distribution of gold particles was analyzed on ultra-thin sections using the post-embedding technique. Figures 4A and 4B show control hepatocytes that were incubated with non-absorbed and immunoabsorbed antibodies, respectively. Whereas gold particles were barely observed in Figure 4B . a few gold particles were found on the ER region in Figure 4A . Figures 5A and 5B show hepatocytes from an animal previously treated with PB for 48 and 72 hr, respectively, and stained with immunoabsorbed antibody. Gold particles were present in considerable amounts on the ER region, especially on the smooth ER region. Essentially similar results were obtained when hepatocytes incubated with non-absorbed antibody (not shown).
For quantitative analyses, the immunocytochemical reaction should be carried out at the saturation level of the antibody. We examined the effect of the concentration of antibody on the labeling density. As shown in Figure GA , the particle density (number of gold particles/ pn membrane) was saturated at an antibody concentration of 100 pglml. In this study, therefore, we used the antibody at a final concentration of 200 pg/ml. We also examined the effect of the concentration of protein A-gold complex. As shown in Figure 6B , the particle density was saturated at a concentration of protein A-gold complex of OD525",,, = 0.08. Therefore, we used this concentration of protein A-gold complex in the present study. Figure 7 shows an increase in the labeling density of gold particles on rat hepatocyte rough ER during PB treatment using nonabsorbed and immunoabsorbed anti-P450IIB antibodies, respectively. The degrees of induction estimated by the increase in the particle density by the two antibodies were 13.5 and 52.5 times, respectively.
Quantitative Immunoelectron Microscopic Analysis of P4SOIIB on the Rough Microsomes by Post-embedding Immunogold Technique
To correlate the particle density of the rough ER with the amount of P450IIB, rough microsomes were prepared by discontinuous sucrose density gradient centrifugation and the P450IIB content and the particle density of the same rough microsome fraction were determined quantitatively by both the immunoblotting and the immunogold technique. respectively. Gold particles were detected in large amounts on the rough microsomes, as shown in Figure 8 . Although the membrane structures of rough microsomes were not clearly visible because the specimens were not fixed with 0 5 0 4 , we could easily trace the membrane structures from the polysomal configuration of ribosomes. Figure 9 shows that the P450IIB content and the labeling density of the rough microsomes increased in parallel during PB treatment and arrived at a constant level at ~4 8 hr after PB treatment. In this experiment, absorbed antibody was used. The correlation of the two variables-the P450IIB content in nmoleslmg protein and the increase in the particle density-is shown in Figure 10 . They increased in parallel fashion, and the correlation coefficient was 0.99. 
Discussion
Immunoelectron microscopic studies have provided, in most cases, only qualitative descriptions of antigen localization. If it becomes possible to measure the actual protein concentration within intracellular compartments by quantitative immunoelectron microscopy, this may contribute greatly to progress in the various fields of medical and biological science. Several groups of investigators have applied the immunoferritin or immunogold technique for quantitation of soluble and membrane proteins in ultra-thin sections (4,9,13,21,28) .
In this experiment, we examined whether distribution of P450IIB in rat hepatocytes could be analyzed quantitatively by using the protein A-gold technique. P45OIIB appears to be a suitable membrane protein for such analysis because it is markedly induced by PB treatment and is one of the major ER membrane proteins when maximally induced. Comparing Figure 3 with Figure 5 , it is quite apparent that the ER in the cryosection is much more heavily labeled with gold particles than that in the resin sections, as described previously (13). The labeling efficiency in cryosections, however, depends on the compactness of the matrix in which antigens are embedded, and is difficult to control (9,25). However, the surface of thin sections of aldehyde-fixed, resin-embedded biological materials shows a specimen-related relief of a definite depth: 2-6 nm with Lowicryl K4M, according to Kellenberger et al. (13) . This property of resinembedded materials was used for quantitative analyses. We used LR White for the embedding material because it was easier to handle and much less toxic than Lowicryl K4M. (12) . We tried to correlate the particle density of rough ER or rough microsome membranes with the number of P450IIB molecules. Not the smooth ER membranes but rather the rough ER membranes were analyzed because the latter are more easily traced in the aldehyde-fixed, resin-embedded specimens. For quantitative analyses, the immunocytochemical reaction was always carried out at a saturation level of the anti-P450IIB antibody, as shown in Figure 6 .
In this experiment we used two kind of antibodies: immunoabsorbed and non-absorbed. These two antibodies showed some differences in the immunocytochemical staining of the hepatocytes from control rats (untreated) at both the light and the electron microscopic level. No reaction products were detected when the immunoabsorbed antibody was used (Figures 2A and 4B) , whereas a few reaction products (either silver grains or gold particles) were detected when the non-immunoabsorbed antibody was used. Immunoblot analyses indicate that a crossreacting 50 KD band was abolished by this immunoabsorption procedure. It is very probable, therefore, that most if not all of the immunoreactive materials detectable before the PB treatment are due to this crossreacting 50 KD component. This is presumably a constitutive microsomal P450 similar to male-specific forms of P450 (19) , although no experiments were performed to identlfy this component.
When induced by PB treatment, the amount of P45OIIB increased markedly, as shown in Figure 7 . The degree of induction The degree of induction of P45OIIB estimated from our previous data by ferritin immunoelectron microscopy (Figure 6 of ref. 20) was only 2.5 times. One presumed reason for this marked difference in the degree of induction is the high ferritin labeling of the microsomes from untreated livers in the previous report, because non-absorbed antibody was used. Another reason is probably the marked overlapping of ferritin particles in the previous experiment; liver microsomes were labeled with ferritin particles before embedding (pre-embedding method) and the cross-sectional profiles of the labeled microsomes, -70 nm in thickness. were observed perpendicularly, thus resulting in marked overlapping of ferritin particles on the cross-sectional electron micrographs of rough microsomes.
In the present analyses, an excellent correlation was demonstrated between the amount of P450IIB in the rough microsomes as determined by immunoblot analysis and the particle density on the microsomes as determined by immunocytochemistry, as shown in Figure 10 . The particle density of the rough microsomes after maximal induction by PB treatment was 0.8/ pm of the membrane. The amount of P450IIB estimated by immunoblot was 0.4 nmoles P450IIBlmg protein. From these data we can roughly estimate the labeling efficiency of P45OIIB in this immunogold cytochemical analysis as follows.
We assume that rat liver microsomes contain 0.75 mg lipidlmg protein, or the protein content is 57% (2) , that the relief of the thin sections of aldehyde-fixed and LR White-embedded rat liver that can bind with antibody is 4 nm, similar to the Lowicryl K4Membedded materials according to Kellenberger et al. (13) , and that the thickness of the microsomal membranes is 75 nm. Figure 10 . Relationship between the increase in the particle density and the amount of P450116. Using the increase in the particle densities and the amounts of P45011B shown in Figure 9 , the correlation of the two variables was found to be 0.99.
The volume and the mass of a portion of the microsomal membrane measuring 1 pm in length, 75 nm in width, and 4 nm in depth are calculated to be 3 x lo4 m3 and 3.3 x mg, respectively (assuming that the specific density of the microsomes is 1.1 g/ml). It is roughly estimated that this portion of microsomal membrane contains 1.9 x mg protein. The rough microsomes contain 0.4 nmoles P450IIBlmg protein, which corresponds to 2.4 x 1014 molecules of P45OIIB/mg protein.
It is estimated, therefore, that 4.6 molecules of P450IIB exist in one portion. The labeling efficiency is therefore estimated to be approximately 20%. Taking into consideration the inactivation of the epitopes in the course of fixation, embedding, and the other procedures during specimen preparation, this efficiency of 20% is higher than expected.
During preparation of this manuscript, visualization of induction of P450IIB in rat liver by monoclonal antibody immunoelectron microscopy in situ was reported by Marti et al. (17) . Generally speaking, our results are in good agreement with theirs despite some differences in the experimental conditions used (hmunoabsorbed polyclonal antibody vs monoclonal antibody, LR White embedding vs Lowicryl K4M embedding, and counting gold particles per p m vs p d ) . In our experiment, however, a more direct and rigorous comparison between the amount of P45OIIB and the particle density was carried out by incubating rough microsomes with the antibody at a saturation level, and good correlation of the two variables was demonstrated (Figure 10) .
